Introduction
The elastic rebound model of Reid [1910] implies that elastic strain is accumulated during a long interseismic period that is followed by local yielding and fast fault slip during an earthquake. This process repeats itself in irregular periods known as earthquake cycles. Reid are followed by aftershock activity that lasts for months to years; the energy release of the aftershocks decays exponentially with time. While the locations and mechanisms of aftershocks have been analyzed in terms of elastic models [e.g., Oppenheimer et al., 1988] , the duration of aftershock activity and the mode of its decay require a viscoelastic theology. Additionally, postseismic deformation, revealed by geodetic measurements [Thatcher, 1975] , and the occurrence of creep events that last hours to weeks along parts of the San Andreas fault suggest that the crust cannot be regarded as a simple elastic solid. Finally, it is widely accepted that continental crustal rocks below 10-15 km deform according to a nonlinear viscoelastic theology (Figure 1 ) [e.g., Kirby, 1983] . Nevertheless, geodetic observations of crustal de- 
The Numerical Model

Approach
Our model for investigating the effects of nonlinear crustal rheology on periodic earthquake behavior assumes a very long vertical fault that penetrates a uniform, isotropic viscoelastic crust (Figure 2 ). At great distance from the fault a constant velocity directed parallel to the fault is specified; this velocity corresponds to the plate velocity. During an earthquake cycle the fault is locked, and at the end of the cycle it is abruptly moved to match the far-field plate displacement accumulated during that cycle.
We have determined the deformation and stresses in the crustal block during the great earthquake cycle by using the finite element code ABAQUS. This code accurately models three-dimensional, nonlinear, large deformation effects in solids, including heat transfer. The code features a robust element library comprising one-, two-and three-dimensional finite elements, linear and nonlinear material models, and accurate time-stepping algorithms and solution techniques for solving nonlinear equations. Details of the formulation and the numerical procedures are presented in Appendix A.
We employ eight-node linear isoparametric finite elements (or bricks) to represent the spatial variation of the displacement and stress fields ( Table 2 for model materials, the geothermal profile of California (see text), and a shear stress of 1 MPa. Figure 5b for the same temperature distribution and shear stress as used in calculating r/for the laboratory-determined rheological parameters ( Figure 5a ). In general, •/(NR2D)m •/(NR2I) and r/(NR2H)m r/(NR2K); thus numerical solutions for these two pairs of rheological models turn out to be approximately the same. These results imply that a factor of 10 change in the multiplication factor A• is equivalent to about a 10% change in the activation energy Q.
Below we present the results for the rheological parameters NR2D and NR2H, and we also discuss the resuits for NR2J. For convenience in recognition we rename the rheological models: NR2D is termed "quartzite," NR2J is termed "weak quartzite" and NR2H is termed "very weak quartzite."
Results
The model results presented here are for the rheological parameter sets "quartzite" and "very weak quartzite" (Table 2) ("very weak quartzite" in Table 2 ("quartzite" model in Table 2 ). 
Figure 13 also shows '•v predicted by "quartzite,"
"weak quartzite," and "very weak quartzite" models; these rates were calculated for the ground surface at a distance of 6 km away from the fault. For periods of more than about 50 years after the earthquake, the three models fit the measurements about equally well. However, the situation is different for the first 50 years after the earthquake during which none of the models provides a good fit to the measured strain rate. Models "weak quartzite" and very weak quartzite fit the data better than the "quartzite" model ( Figure 13 ), in accord with the above deductions for the fault-parallel velocities (Figures 11 and 12 ).
Summary: Comparison of Observations and Predictions
The good agreement shown between geodetic observations and predictions of the "weak quartzite" and "very weak quartzite" models (Figures 11-13 This discrepancy is probably related to the intrinsic difference between in situ viscosity and laboratory viscosity due to a few reasons. First, the strain rates in most laboratory tests range from 10 -6 s -1 to 10 -s s -1, whereas the regional strain rates in the field (and in the present model) are 10 -14 to 10 -15 s -1 (strain rates that are comparable to the experimental strain rates could last for periods of days after the earthquake at the immediate proximity of the fault The estimated effective viscosity of the lower crust is very low, and such low-viscosity could lead to decoupling between the mantle and the crust and to seismic attenuation. This low viscosity layer probably does not affect postglacial rebound analyses because of the wavelength differences: the postglacial rebound requires flow on continental scale which is accommodated primarily in the mantle. Geodetic observations of earthquake displacement are a good way to estimate the viscosity of the lower crust due to the similarity in relaxation time and length scales.
Limitations of the Model
While the present model provides good fits to field observations of earthquake related deformation along the San Andreas fault (Figures 11-13 
Conclusions
We analyzed the cycles of great California earthquakes by using finite element computations for a temperature-dependent, nonlinear viscoelastic crust. The known crustal thickness and crustal temperature for California and the slip rate of the San Andreas fault were used in the computations. The analysis leads to the following conclusions:
1. The viscous rheology of the crust strongly affects the transient behavior of large earthquakes. Models with a rheology similar to granite or quartzite display profound transient stages in the velocity, displacement, and stress fields (Figures 6-9) . On the other hand, models with stiff diabase-like rheology display insignificant transient stages, and in this respect, models with diabase rheology resemble elastic models. Since large earthquakes display transient behavior, reflected in the aftershock activity and the postseismic deformation, elastic models of the crust are probably inadequate to describe the earthquake cycle.
2. The models which best fit the geodetic data of California have rheological parameters that are similar to the experimentally determined values of Westerly granite and wet quartzite; these are the least viscous of the crustal rocks considered by Kirby and Kronenberg [1986] . Since the lower crust of California is more mafic then Westerly granite (diorite to gabbro composition [Fuis and Mooney, 1990]), we conclude that the in situ viscosity of crustal rocks is significantly smaller than the viscosity determined in the laboratory measurements.
We estimate that the in situ effective viscosity is 10 -2 to 10 -6 of the viscosity inferred from laboratory mea- (Figure 2) . However, since the lower crust cannot support high shear stresses, the basal plate motion is not fully transmitted to the upper crust, and a zone of partial, transient decoupling develops within the lower crust (Figures 7b and 7c) . Some of the geodetic observations made •70 to 120 years after a major earthquake, which is relatively late in the cycle, are in agreement with such decoupling (Figures 11 and 12 ). (Figures 6a and 7a) . Second, the sense of the fault-parallel displacement near the fault is inverted with respect to the long-term and far-field displacement; i.e., transient left-lateral displacement is predicted in contrast to the long-term right-lateral slip of the entire fault system (Figures 6c and 7c) . Third, the fault-parallel shear stress is also inverted with respect to the longterm shear (note the left-lateral shear in Figures 6b and  7b ).
Appendix A' Numerical Methods
Our model assumes a very long vertical fault that penetrates a uniform, isotropic viscoelastic crust (Figure 2) . At great distance from the fault a constant velocity directed parallel to the fault is specified. During an earthquake cycle the fault is locked, and at the end of the cycle it is abruptly moved to match the farfield plate displacement accumulated during that cycle. 
